ABSTRACT: Soluble epoxide hydrolase (sEH) is a potential pharmacological target for treating hypertension, vascular inflammation, cancer, pain, and multiple cardiovascular related diseases. A variable domain of the heavy chain antibody (termed single domain antibody (sdAb), nanobody, or VHH) possesses the advantages of small size, high stability, ease of genetic manipulation, and ability for continuous manufacture, making such nanobody a superior choice as an immunoreagent. In this work, we developed an ultrasensitive nanobody based immunoassay for human sEH detection using polymeric horseradish peroxidase (PolyHRP) for signal enhancement. Llama nanobodies against human sEH were used as the detection antibody in sandwich enzyme linked immunosorbent assays (ELISA) with polyclonal anti-sEH as the capture antibody. A conventional sandwich ELISA using a horseradish peroxidase (HRP) labeled anti-hemeagglutinin (HA) tag as the tracer showed a marginal sensitivity (0.0015 optical density (OD)·mL/ng) and limit of detection (LOD) of 3.02 ng/mL. However, the introduction of the PolyHRP as the tracer demonstrated a 141-fold increase in the sensitivity (0.21 OD·mL/ng) and 57-fold decrease in LOD (0.05 ng/mL). Systematic comparison of three different tracers in four ELISA formats demonstrated the overwhelming advantage of PolyHRP as a label for nanobody based immunoassay. This enhanced sEH immunoassay was further evaluated in terms of selectivity against other epoxide hydrolases and detection of the target protein in human tissue homogenate samples. Comparison with an enzyme activity based assay and a Western blot for sEH detection reveals good correlation with the immunoassay. This work demonstrates increased competiveness of nanobodies for practical sEH protein detection utilizing PolyHRP. It is worthwhile to rediscover the promising potential of PolyHRP in nanobody and other affinity based methods after its low-profile existence for decades.
excellent solubility, ease of expression in various expression systems, and relatively low cost for both discovery and continuous manufacture. 4 Moreover, nanobodies can be promising solutions to the reproducibility crisis of antibodies from which both the academic and industrial communities are suffering. 5 There is pressure that "all antibody reagents should be sequenced and then produced from the genetic code obtained". 6 This drives increasing interest in nanobodies since they are easily sequenced and resynthesized. Nanobodies hold great potential as reagents for immunoanalytical applications. Immunoassays based on nanobodies have been developed for both small molecules and large analytes. Also, the simplicity of genetic manipulation allows production of nanobodies biotinylated in vivo 7 or fused to enzyme tracers with the nanobody−enzyme fusion protein expressed, 8, 9 resulting in fewer steps in the immunoassay. For small molecule detection, competitive immunoassays based on nanobodies generally give comparable sensitivity and detectability to that using the corresponding conventional IgG antibodies, with the halfmaximum signal inhibition concentration (IC 50 ) at sub ng/mL levels and limit of detection (LOD) even lower, e.g., 3-phenoxybenzoic acid, 4 aflatoxin, 10 ochratoxin, 8 and tetrabromobisphenol A. 9, 11 However, for analysis of large analytes, a number of sandwich immunoassays using nanobodies showed moderate performance for procalcitonin, 12 epidermal growth factor receptor, 13 Bacillus thuringiensis Cry1Ac and Cry1Fa toxins, 14, 15 influenza H3N2 and H5N1, 16, 17 and hepatitis B surface antigen, 18 with the LOD in the ng/mL range or even much higher. Thus, it is often important to increase the sensitivity of nanobody based immunoassays.
Two basic approaches are increasingly used to improve sensitivity of ELISAs through enhancing loading of enzyme labels. One is to employ the classical multicycle addition of signal molecules, e.g., enzyme−antienzyme/dye complex, 19 biotin−(strept)avidin complex, 20 and immuno-polymerase chain reaction. 21 This approach often requires multiple labels and multicycle operations for introducing signal molecules (i.e., addition, incubation, and separation), thus becoming relatively complicated, labor-intensive, and time-consuming. The other approach is to use nanomaterials as the carriers of signal molecules due to their advantage of high surface to volume ratio, e.g., gold nanoparticles, 22 magnetic beads, 23 carbon nanotubes, 24 silica beads, 25 quantum dots, 26 and nanospherical brushes. 27 Despite the increased loading area of signal molecules or detection antibodies, the activity of biomolecules may be compromised due to the steric-hindrance effect and random orientation when complexed to nanomaterials. Moreover, compared to the classical enzyme labeled antibodies, practical issues of nanomaterial complexes, including their complicated bioconjugation and separation, relatively low yield, slow diffusion kinetics, poor redispersion, long-term stability or storage, nanomaterial cost, and potential environmentally unfriendly impact, limit their commercialization in immunoassay kits.
As a model to test ways of improving sensitivity for a protein target, we utilized a nanobody based sandwich immunoassay to detect the soluble epoxide hydrolase (sEH) protein. sEH protein in mammals is a 125 kDa dimer composed of two identical 62.5 kDa monomers. It is broadly distributed in multiple human tissues including brain, liver, kidney, heart, and lungs. This enzyme is a potential pharmacological target for treating hypertension, vascular inflammation, cancer, pain, and multiple cardiovascular related diseases. 28 Thus, the detection of sEH may represent an important diagnostic tool for human health. However, more information is needed on possible variations of sEH levels in different disease conditions and its diagnostic value. This work has been hampered by the lack of quantitative tests other than the semiquantitative Western blots. Our group recently screened ten clones generating hemeagglutinin (HA)-tagged nanobodies against human sEH from a llama VHH phage display library and developed a polyclonal/ nanobody sandwich immunoassay for human sEH detection using a nanobody as the detection antibody. 29 Its format is shown in Figure 1a , and this ELISA (format A) is termed conventional ELISA throughout the paper. Still, these nanobody based sandwich ELISAs showed moderate performance with LOD at ng/mL levels or higher. Our subsequent collaborative work developed a novel screening platform.
Using the same VHH library as the previous work, new nanobodies were selected and paired for the sandwich detection of human sEH that resulted in a 100-fold increase in sensitivity. 30 Without rescreening the VHH library and instead using the original ten nanobodies first acquired, in this work, we developed an ultrasensitive nanobody based immunoassay for sEH using polymeric horseradish peroxidase (PolyHRP) as the tracer with sensitivity increased over 100-fold. The assay format (termed PolyHRP ELISA) is illustrated in Figure 1c . PolyHRP is a supermolecular polymer of horseradish peroxidase (HRP) containing up to 400 enzyme molecules at maximum that can be conjugated with various ligands and receptors (e.g., streptavidin) as shown in Figure S-1. This improved method is applicable to the nanobody based immunoassay with no need for further genetic manipulation. It can be helpful to all immunoassay practitioners with not only nanobodies but also other antibody fragments or full monoclonal or polyclonal antibodies. This paper investigates the factors that contributed to high sensitivity of the nanobody based PolyHRP ELISA through systematic comparison of four immunoassay formats, using native nanobody or biotinylated nanobody as the detection antibody and HRP labeled anti-HA tag, streptavidin−HRP conjugate, or streptavidin−PolyHRP conjugate as the tracer (see Figure 1 ). Further evaluation of the nanobody based PolyHRP ELISA indicated significant advantages and promising potential for using PolyHRP in nanobody based immunoassays.
■ EXPERIMENTAL SECTION
Safety. Personal protection equipment, especially safety glasses, should be worn when freezing aliquots of sEH stock solution with liquid nitrogen. The microtubes in liquid nitrogen can be cracked, and the caps may fly with high velocity leading to injury.
Materials. Antihuman sEH VHHs and rabbit polyclonal antibody were prepared as described in our previous work. 29, 31 Streptavidin−HRP conjugate (SA-HRP) was purchased from SouthernBiotech (Birmingham, Al). HRP labeled goat anti-HA tag polyclonal antibody conjugate (HRP-anti-HA) was purchased from Abcam (Cambridge, MA). Streptavidin PolyHRP40 conjugate (SA-PolyHRP) originally produced by Stereospecific Detection Technologies (SDT) GmbH (Baesweiler, Germany) was purchased from Fitzgerald Industries International (Concord, MA). Sources of other chemicals and biotinylation of antihuman sEH VHHs are described in detail in the Supporting Information.
Nanobody Based Sandwich ELISA for Human sEH Detection Using PolyHRP as the Tracer. The high-binding microplate was coated with antihuman sEH rabbit serum or purified rabbit polyclonal antibody in 0.05 M, pH 9.6 carbonate−bicarbonate buffer (100 μL/well) overnight at 4°C
. After washing, the plate was blocked with 3% (w/v) skim milk (300 μL/well) in phosphate buffered saline (PBS) for 1 h and subsequently washed. Serial concentrations of human sEH standards in PBS containing 0.1 mg/mL bovine serum albumin (BSA) were then added to the wells (100 μL/well), followed immediately by biotinylated nanobodies (biotin-VHHs) in PBS (100 μL/well). The immunoreaction was allowed to proceed for 1 h. After washing, the microplate was incubated with SAPolyHRP in PBS (100 μL/well) for 30 min. After the final washing, 3,3′,5,5′-tetramethylbenzidine (TMB) substrate (100 μL/well) was added and the plate was incubated for 10 min. The optical density (OD) was recorded at 450 nm within 10 min after stopping the color development with 2 M sulfuric acid (100 μL/well). All incubations unless otherwise specified were conducted at room temperature (RT) with shaking (600 rpm) on the MTS 2/4 digital microtiter shaker of 4-plate capacity (IKA, Germany), and each washing step involved three washings with PBS containing 0.05% Tween-20 (PBST, 300 μL/well) using the plate washer.
Comparison of Four ELISA Formats Using Different Detection Nanobodies and Tracers. As shown in Figure 1 , comparison of four sandwich ELISA formats using different tracers were performed. The ELISAs were run as described above for the PolyHRP based format with minor modifications. Antihuman sEH rabbit polyclonal serum (1:2000 dilution) was coated as the capture antibody. Biotinylated nanobodies (biotin-VHH A1 or biotin-VHH B3, 1 μg/mL) were used as the detection antibody for format B (Figure 1b (Figure 1d ), while unconjugated native nanobodies (VHH A1 or B3, 1 μg/mL), from the same batch of nanobodies used for biotinylation, were utilized for format A ( Figure 1a ). HRP-anti-HA (1:10 000 dilution, 100 ng/mL), SA-HRP (1:5000 dilution, 80 ng/mL), and SA-PolyHRP (1:40 000 dilution, 25 ng/mL) were used as the tracer of the format A/B, D, and C, respectively. To avoid plate to plate variability, the four formats were performed on the same plate. Each concentration had three replicates. Plate columns 1−3, 4−6, 7−9, and 10−12 were used for format D, C, B, and A, respectively. The same reagents involved for similar steps of different formats were used from the same prepared batch (i.e., buffers, capture serum, skim milk, TMB substrate, and sulfuric acid for all formats). Capture serum, human sEH standards, native or biotinylated nanobody, and the tracers at working concentrations were freshly prepared from their stored aliquots within 30 min before addition. A 12-channel pipet and 12-channel pipet reservoir (Figure S-2) were used to ensure simultaneous addition of serial human sEH standards along the plate row direction, and various detection antibodies or tracers along the plate column direction. All same or similar steps of different formats were operated at the same time under the same conditions (e.g., coating, blocking, color development, and stopping). A further evaluation using three plates simultaneously was done on another day with four ELISA formats performed as above on each plate. Addition of reagents from the same batch and incubation conditions for three plates were kept the same to minimize the plate-to-plate variation (e.g., simultaneous shaking on the same plate shaker).
Performance Comparison Using Decreasing Concentrations of Antibodies. Comparisons of the four ELISA formats were done similarly to that described above but with a serial 2-fold decrease in working concentrations of detection antibodies or tracers. Four plates were used. The human sEH standards were narrowed to concentrations of 0−100 ng/mL. Decreasing capture serum was coated on plate I (1:2000− 1:8000 dilution) and plate II (1:16 000−1:64 000 dilution). Decreasing detection antibodies (biotinylated or native VHH A1) were used on plate III (1.0−1/4 μg/mL) and plate IV (1/ 8−1/32 μg/mL). The other unspecified conditions were the same as described above. Immunoassays were run simultaneously for four plates with incubation conditions kept the same.
Cross-Reactivity. The cross-reactivity or selectivity of the nanobody based PolyHRP ELISA was determined by its selectivity coefficient (K A,I ) with a group of epoxide hydrolases. The selectivity coefficient was calculated with the equation as follows: K A,I (%) = [k (interfering agent) /k (human sEH) ] × 100. It is a measure of the sensitivity of a method for an interfering agent relative to that for the analyte. 32 The working concentrations for capture serum, biotin-VHH A1, and SA-PolyHRP were 1:2000 dilution, 1.0 μg/mL, and 25 ng/mL, respectively.
Matrix Effects. The above nanobody based immunoassay using PolyHRP was applied to liver cytosol samples from sEH knockout (KO) mice. Evaluation of the matrix effect was performed following a simple dilution protocol. Briefly, the liver cytosol samples were diluted with PBS containing 0.1 mg/mL BSA to dilutions of 1:100, 1:500, and 1:1000. Then, a series of sEH solutions were spiked into each diluted sample. The resulting spiked samples were directly analyzed with the nanobody based PolyHRP ELISA.
Real Sample Analysis. Six tissue samples consisting of the S9 fractions of pooled (4−50 individuals) human tissues were taken to make serial dilutions using PBS containing 0.1 mg/mL BSA. Their sEH concentrations were determined using the nanobody based PolyHRP ELISA described above. Dilution conditions leading to the measured OD in the linear range of the generated calibration curve were used to calculate the human sEH content in the samples.
■ RESULTS AND DISCUSSION
Selection of SA-PolyHRP Concentration. Figure 2a shows the signal response of our previously developed conventional ELISAs for human sEH using ten nanobodies (1.0 μg/mL) as the detection antibodies and HRP-anti-HA (200 ng/mL) as the tracer. It reveals values of OD signal below 2.0 at relatively high analyte concentration of 1000 ng/mL for all the ten nanobodies based conventional ELISAs. However, the switch of tracer from the HRP-anti-HA (format A) to SAPolyHRP (format C) results in a large improvement. As shown in Figure 2b , the nanobody (VHH A1 or A9, 1.0 μg/mL) based ELISAs plus SA-PolyHRP (25 or 50 ng/mL) gives much stronger signals, with OD values all over 2.0 at a relatively low human sEH concentration of 10 ng/mL. These signal responses are over 100-fold stronger than the ones in previous conventional ELISAs against the sEH of the same concentration. Virtually, similar signal enhancement was also observed for the other eight VHHs based immunoassays when PolyHRP was employed (Figure S-3) . Moreover, in the lower human sEH range (0−2.5 ng/mL), Figure 2c shows appreciable signal response even below 0.1 ng/mL, indicating the high efficiency of the PolyHRP tracer. As expected, a higher concentration of tracer gave a higher OD response. The SA-PolyHRP 50 ng/mL (blue) generated signal higher than that of 25 ng/mL (red) but also rendered higher background. Considering the lower background and the adequate signal response, the 25 ng/mL was therefore adopted as the working concentration of SAPolyHRP throughout. In addition, VHH A1 was selected as the detection nanobody for further comparison due to its high yield of expression, good affinity, and relatively low background when used in the assay.
Experimental Comparison of the Performance of Four ELISA Formats. "A major problem that has plagued the literature concerning immunoassays is a lack of standardized terminology and practices when comparing the performance characteristics of various assay designs, and in particular estimates of their sensitivity". 33 The loose use of terms like sensitivity often leads to confusion. 34 In immunoassay, sensitivity may be described in a variety of ways. 35 Classically, for a dose−response curve, sensitivity is the change in response (dR) per unit of dose (dC) and equals dR/dC (not necessarily constant). 34 This definition is used throughout this paper and should not be confused with the limit of detection (LOD). The LOD is the smallest amount of analyte that can be determined with confidence and therefore is a statistical parameter. 32 The LOD = 3S B /k refers to the computed analyte concentration corresponding to signal response of the blank plus three times of its standard deviation and is used throughout this work, where k is the slope or sensitivity, i is the intercept, and S B is the standard deviation of the blank, for a linear regression analysis expressed as y = kx + i. This should be distinguished from the LOD estimated on the basis of a specified signal-to-noise ratio. 36 Moreover, comparison between assays based on literature reports can be difficult since the sensitivity is influenced by assay parameters such as volume, incubation time, numbers of replicates, or integration of signal detection. 33 Thus, assay conditions in this work were rigorously controlled so that meaningful comparison of the four tested ELISA formats could be made. Due to the limited supply of the purified polyclonal antibody, serum was thereafter used as the capture antibody considering the adequate signal and lower background generated. Figure 3a Figure 3b , similar responses to those described above were obtained for the four formats in all the plates, indicating good reproducibility of the comparison results. For quantitative comparison of the performances between the assays in terms of sensitivity and LOD, data processing and analysis including curve-fitting is of great importance. As the simplest regression model, the linear model can be influenced by many factors, e.g., concentration range covered, number and distribution of standards, replication and preparation of standards, calibration model with nonzero or zero intercept, and weighting procedures. However, this aspect is rarely given in detail for many research papers. In this paper, an unweighted linear model was used for fitting the data. Figure  S -5 shows the resulting linear-fitting curves with related parameters generated for the four ELISA formats on three plates. As summarized in Table S-2 and Figure S-6, the average sensitivity (coefficient of variation, CV) for format A, B, C, and D is 0.0015 (5%), 0.0007 (7%), 0.21 (6%), and 0.0196 (7%) OD·mL/ng, respectively. The corresponding average LOD (CV) for format A, B, C, and D is 3.02 (30%), 13.4 (88%), 0.05 (1%), and 0.56 (60%) ng/mL, respectively. The format B showed a 0.45-fold sensitivity and 0.22-fold lower LOD compared to the conventional ELISA (format A), suggesting partial inactivation of the detection nanobody or partial loss of epitopes for HRP-anti-HA after the biotinylation. Still, the introduction of SA-HRP (format D) demonstrated a 13-fold higher sensitivity and 5.4-fold lower LOD than the conventional ELISA. The extraordinarily high affinity (10 15 M −1 ) between the streptavidin−biotin complexes likely accounts for the improved assay performance, favoring the efficient binding of HRP conjugated to the streptavidin to the biotinylated detection nanobody. Moreover, the sensitivity difference between formats A, B, and D also demonstrated the relative inefficiency of the HRP-anti-HA as the tracer for immunoassays using a nanobody as the detection antibody. With respect to format C, this PolyHRP ELISA displayed the best performance. It gave a 141-fold higher sensitivity and 57-fold lower LOD than the conventional ELISA. This superior performance was likely due to both the high affinity of the streptavidin−biotin complex and the high HRP loading density of PolyHRP. Considering the relatively low protein working concentration (25 ng/mL) used, SA-PolyHRP appears to be a superior tracer compared to the others tested here. In addition, the assay precision was evaluated for well-to-well and plate-to-plate variation as shown in Table S-2. The well-to-well precision was 4.2%, 3.5%, 1.5%, and 3.7% for format A, B, C, and D, respectively. The plate-to-plate precision was 23.4%, 29.1%, 5.5%, and 25.5% for format A, B, C, and D, respectively. Interestingly, the PolyHRP ELISA displayed the highest reproducibility in terms of both well-to-well (1.5%) and plate-to-plate (5.5%) precision. It also showed the smallest CV in LOD (1%) and acceptable CV in sensitivity (6%) on the three plates. The high precision of the PolyHRP ELISA may be attributed to the high signal-to-noise ratio because the high HRP loading gave a large signal and the relatively low protein working concentrations used resulted in a low background. Also, the performance comparison of different assay formats under the exact the same conditions can be meaningful, because small difference can be seen even in the same formats between different days (Figure 3a,b) . In addition, as summarized in Table S -2 and Figure S-6 , the CV of sensitivity among the three plates for format A, B, C, and D is 5%, 7%, 6%, and 7%, respectively, while the CV of LOD among the three plates for the format A, B, C, and D is 30%, 88%, 1%, and 60%, respectively. This suggests selection of sensitivity as the comparison index between different assays can be more robust and meaningful since it shows the small CV range (5−7%) compared to that (1−88%) of LOD. LOD is related not only to the assay sensitivity but also to the variation in blank background readings, which may vary largely between different plates. Thus, the performance comparison between different assays based on the ratio of LOD may result in relatively high uncertainty.
ELISAs Comparison in Decreasing Working Concentrations of Antibodies. The nanobody based PolyHRP ELISA format revealed advantages in sensitivity, LOD, and robustness. This can be vital in removing matrix effects for real sample detection since it allows relatively high dilution of samples due to its high sensitivity. Also, it conserves reagents. Figures 4a,b and S-7 (plate I and II) showed the performance of the four ELISA formats with decreasing concentrations of the capture serum. As expected, the signal responses decreased with the decreasing capture serum in the serial calibrators range. The ELISA format A and B completely lost their signal response even with high calibrator concentration when the capture serum was diluted more than 1:8000. Still, the PolyHRP based format C showed adequate and clearly increasing OD response with increasing sEH concentrations even in a dilution of 1:64 000 for capture serum. Its performance is also superior to that of the format D with the serum dilution of 1:16 000. Further dilution of capture serum for format D did not give an appreciable OD response trend with increasing sEH concentrations. On the other hand, as shown in Figures 4c,d and S-7 (plate III and IV), four ELISA formats displayed decreasing OD response with decreasing working concentrations of the detection nanobody. Similarly, the OD response was lost for format A and B at high calibrator concentrations when the detection nanobody was diluted lower than 1/4 μg/mL. Format D demonstrated better performance. A clear and adequate signal response trend was seen when the working concentration of biotinylated VHH A1 was down to 1/2 μg/mL. However, no appreciable signal response trend was observed when the Anal. Chem. XXXX, XXX, XXX−XXX detection nanobody was further diluted lower than 1/4 μg/mL, while the PolyHRP based format C still showed quite a clear signal response trend at the relatively low nanobody concentration of 1/8 μg/mL. An appreciable signal response trend was also observed for format C when the detection nanobody further went down to 1/16 μg/mL. Thus, among the four ELISA formats, the nanobody based PolyHRP ELISA demonstrated the best performance, which allowed the use of much less of both capture and detection antibodies. The corresponding potential for cost decrease can be very practical to the assay application.
Cross-Reactivity. The cross-reactivity was evaluated by comparing the selectivity coefficient value of human sEH with that of a group of epoxide hydrolases using PolyHRP ELISA with VHH A1 as the detection antibody and rabbit antihuman sEH polyclonal serum as the capture antibody (see Table 1 ).
The assay showed slight cross-reactivity of 1.0%, 2.4%, and 0.8% against affinity purified recombinant mouse sEH, rat sEH, and denatured human sEH, respectively. Negligible crossreactivity (<0.1%) was observed for horse sEH hepatic S9, dog sEH hepatic S9, liver cytosol from sEH KO mice, purified recombinant human mEH, and recombinant human EH3. Overall, the nanobody based PolyHRP ELISA demonstrated excellent selectivity for the target. In particular, the high specificity of the nanobodies used against undenatured human sEH allows detection of only the bioactive form with negligible interference from potentially co-occurring human mEH and human EH3.
Matrix Effects. Spike-and-recovery tests are a crucial method for validation and evaluation of the accuracy of ELISA for certain sample types. It can identify whether the analyte analysis is influenced by a difference between the diluent for calibration curve preparation and the biological sample matrix. One of the most common ways to minimize matrix effect is to dilute the sample with the assay buffer. The higher dilution of samples requires higher assay sensitivity since the target analytes in practical samples may be accordingly diluted. Varying dilutions of the samples may lead to different extents of removal of matrix effects. As shown in Table 2 and Figure S-8 , the background decreased and the net signal increased with increasing dilutions of the sample matrix of sEH free liver cytosol. The recovery was 74−91%, 83−96%, and 91−142% for the spiked samples prepared at 1:100, 1:500, and 1:1000 dilution of the sample matrix, respectively. The corresponding overall recovery (namely, the slope of the linearly fitted equation between the sEH spiked and that detected) was 83%, 85%, and 91%, respectively. These data support the acceptance of nanobody based PolyHRP ELISA for sEH detection in biological samples.
Analysis of Human Tissue Samples. A successful analytical method must meet the requirement of detecting real samples with high accuracy. 19 The nanobody based PolyHRP ELISA was employed to analyze the sEH in the S9 fractions of pooled (4−50 persons) human tissue samples. The proper dilution factor used in the assay for tissues of liver, kidney, lung (nonsmoker), lung (smoker), intestine, and renal was 5000-, 2000-, 50-, 50-, 2000-, and 1000-fold, respectively. The resultant data were compared with that obtained through the enzyme activity based radiometric assay, Western blot, conventional ELISA, and ELISA NbS7/NbS43 (Table 3) . The PolyHRP ELISA, ELISA NbS7/NbS43, conventional ELISA, and the Western blot all showed good correlation to the classical enzyme activity based method in these tissue samples (Figure S-9) with correlation coefficient R 2 > 0.93. Thus, the quantitation of the sEH protein content through these antibody based methods are a good reflection of its enzyme activity. The assays in this study were optimized using affinity purified human recombinant enzyme. The sequence of this enzyme represents the most common form in the human population; however, there are a number of other single nucleotide polymorphisms (SNPs) in the human population. All of these SNPs are relatively rare, and the changes in catalytic rate with the sEH are small when screened with several substrates. 37, 38 However, the nanobodies reported here have not yet been screened against human sEH enzymes with these SNPs, and a Purity was determined by densitometry on SDS-PAGE using recombinant affinity purified enzyme except for equine and canine enzyme partially purified by ion exchange chromatography from liver homogenates. this could result in a lack of correlation between the protein level determined by ELISA and the catalytic activity. In addition, the PolyHRP ELISA revealed better precision (CV, 1−3%) than the other assays (enzyme activity, 7−21%; Western blot, 9−30%; conventional ELISA, 2−12%; ELISA NbS7/NbS43, 3−10%). The precision variation may be due to both the intrinsic limitations of the assay types and the difference in experience of the assay operators. The small CV of the PolyHRP ELISA demonstrated here was consistent with its performance in the aforementioned comparison of four ELISA formats, favoring its promise for practical detection with high accuracy. Also, the underlying value of PolyHRP as tracer was demonstrated. Despite being available for many years, PolyHRP has been vastly under-used as an enzyme label in ligand binding assays. A summary of PolyHRP development is in the Supporting Information.
■ CONCLUSION
In summary, we developed an ultrasensitive nanobody based immunoassay for human soluble epoxide hydrolase using PolyHRP for signal enhancement. Compared with the conventional nanobody based immunoassay employing the HRP labeled anti-HA tag as tracer, the PolyHRP based immunoassay showed a 141-fold higher sensitivity and 57-fold lower LOD of the conventional ELISA, with the sensitivity improved from 0.0015 to 0.21 OD·mL/ng and LOD from 3.02 to 0.05 ng/mL for human sEH detection. Four ELISA formats using native or biotinylated nanobody as detection antibody and HRP-anti-HA tag, streptavidin-HRP, or streptavidinPolyHRP as tracer were systematically compared in terms of sensitivity, LOD, and decreasing working concentrations of antibodies. The results revealed the difference of various tracers in capacity of signal production, with PolyHRP displaying the best performance. This further indicated the advantages of PolyHRP in immunoassays in terms of high efficiency of signal enhancement, simplicity, robustness, and availability. Also, the simple introduction of PolyHRP provided excellent competitiveness in both sensitivity and detectability for nanobody based immunoassays compared to the classical IgG based format while maintaining benefits of the promising nanobody in gene engineering and thermo-chemical stability. Although only human sEH was detected in this work, the PolyHRP based immunoassays are readily extended to other nanobody based ELISA systems or other affinity based systems. 
